The mechanism by which the apoptosome activates caspases during apoptosis has been controversial. Qi et al. (2010) now present a crystal structure of a funnel-shaped octameric apoptosome complex from the nematode Caenorhabditis elegans that challenges currently held assumptions about the human apoptosome structure.
transcription factor important for mouse ES cells, does not have the same effect on Oct4-induced genes. Instead, in that case, the presence of poised and elongating Pol II are both reduced.
In the larger context, poised polymerase appears to be one of the major features of higher eukaryotic genomes, and how it is employed is now becoming clear. Although there was some reluctance to believe that genomes were loaded with engaged polymerases that were not elongating for the most part, strong evidence in support of this notion has come from the sequencing of nascent human and Drosophila RNAs (Core et al., 2008; Nechaev et al., 2010) and from studies showing association of elongation factors with the poised Pol II (Gilchrist et al., 2008; Rahl et al., 2010) . Extensive analysis of the heat shock genes in Drosophila by the lab of John Lis implicates poised polymerase in rapid gene activation (Nechaev and Adelman, 2008) . In Drosophila, poised polymerases allow synchronous rather than stochastic expression of genes induced during development (Boettiger and Levine, 2009). Interestingly, when NELF is knocked down in Drosophila it causes a reduction or loss of the poised Pol II on some genes, and this leads to reduced gene expression and a reduction in initiation (Gilchrist et al., 2008) . Evidently, the poised Pol II is needed to hold some promoters in an open state. In the Rahl et al. study knockdown of NELF has a similar although more modest effect on the distribution of Pol II. By comparison, knockdown of DSIF leads to a more dramatic increase in Pol II downstream of the promoters of actively transcribed genes.
It is now time to attain a better understanding of the mechanisms involved in generating poised Pol II and how it is released into productive elongation. Although it is likely that some factors involved in generating poised polymerases remain to be discovered, there is already an abundance of evidence pointing toward selective utilization of P-TEFb as the key to achieving genespecific activation. As demonstrated by Rahl et al., recruitment of P-TEFb is strongly implicated in c-Myc function. Looking to the future, it may be possible to develop compounds targeting the step in transcriptional elongation regulated by c-Myc/P-TEFb that might be effective in halting the proliferation of cancer cells.
The variable domains of antigen receptors are encoded by exons assembled during B and T lymphocyte development from component V, D, and J gene segments. This assembly process, called V(D)J recombination, depends on a series of site-specific DNA recombination reactions and is orchestrated by the RAG1 and RAG2 proteins, which are coexpressed exclusively by lymphoid cells. RAG1 and RAG2 recognize the rearranging V, D, and J gene segments and initiate recombination by introducing double-strand breaks in the DNA (Bassing et al., 2002 V(D)J recombination of antigen receptor gene segments in B and T cells is mediated by the lymphoid-specific proteins RAG1 and RAG2. Now, Ji et al. (2010) demonstrate how RAG1 and RAG2 use DNA sequence specificity and modified histones within chromatin to target specific loci for V(D)J recombination at different stages of lymphoid development.
Cell 141, April 30, 2010 ©2010 Elsevier Inc. 401 coworkers provide important new mechanistic insights into how RAG proteins are recruited to the appropriate target loci during V(D)J recombination in developing B and T cells in mice (Ji et al., 2010) .
Seven complex loci undergo V(D)J recombination in T or B cells including the T cell receptor (TCR) α, β, γ, and δ loci, and the immunoglobulin (Ig) heavy chain (HC), Igκ, and Igλ loci. Each rearranging gene segment is flanked by a recombination signal sequence (RSS). RAG proteins recognize pairs of compatible RSSs, introduce precise DNA double-strand breaks, and then channel the resultant DNA ends into repair pathways that generate the appropriate recombinant products. RAG1 contains both sequence-specific RSS-binding activity and the presumptive catalytic site. Recombination is tightly regulated, such that Ig genes are fully assembled only in B cells and TCR genes only in T cells. Within a lymphoid lineage, IgHC or TCRβ rearrangements precede Igκ or TCRα rearrangements and are allelically excluded such that only a single functional IgHC or TCRβ rearrangement occurs in each developing lymphoid cell. The major unanswered question is how the common lymphoid recombinase, consisting of RAG1 and RAG2, recognizing conserved RSS elements can nonetheless give rise to such highly regulated patterns of recombination. The importance of this question is heightened by the observation that many forms of leukemia or lymphoma are associated with chromosomal translocations that bear the hallmarks of misregulated V(D)J recombination (Schlissel et al., 2006) .
Transcription of unrearranged gene segments invariably precedes their targeting by the recombinase, and mutations that disrupt this "germline transcription" greatly diminish gene rearrangement. This led to the hypothesis that germline transcription either causes or reflects accessibility of individual gene segments within chromatin and dictates patterns of V(D)J recombination (Bassing et al., 2002) . Subsequently, specific transcription-associated histone modifications such as trimethylation of lysine 4 in histone H3 (H3K4me3) were shown to correlate with V(D)J recombination. More recent experiments suggest that germline transcription must actually proceed through the relevant RSSs to promote recombinase accessibility and overcome the barrier to RSS recognition imposed by nucleosome structure (Abarrategui and Krangel, 2006) .
But how do germline transcription and histone modifications lead to regulated targeting of recombinase activity? Work published independently by the Oettinger and Desiderio groups has provided a critical clue (Liu et al., 2007; Matthews et al., 2007) . They showed that a conserved PHD domain in the C-terminal region of RAG2 specifically binds to a synthetic peptide version of the N-terminal tail of histone H3 only when the histone contains the H3K4me3 modification. In addition, mutations in this PHD domain, including those found in patients with certain inherited human immunodeficiency diseases, diminish recombinase activity. The obvious implication of this work is that H3K4me3-modified nucleosomes contribute to the recruitment of the recombinase. Beyond recruitment, a recent report from Lieber's group showed that binding of RAG2 to H3K4me3 increased the recombinase's activity presumably through an allosteric mechanism (Shimazaki et al., 2009 ).
The new study from Schatz and colleagues (Ji et al., 2010) extends this analysis by examining genome-wide patterns of RAG binding to chromatin. Using RAG mutant mice complemented by RAG and antigen receptor transgenes to generate cells "frozen" at various stages of lymphocyte development, these workers show that RAG1 and RAG2 are capable of binding to a subset of gene segments with a distribution that reflects the patterns of gene rearrangement expected in the tissue under analysis. Surprisingly, RAG1 and RAG2 can bind to antigen receptor gene segments independently of one another, leading to the suggestion that binding of RAG1 to RSS DNA and RAG2 to H3K4me3-modified chromatin are separate, perhaps cooperative, events in the targeting of the recombinase to appropriate loci (Figure 1) . Furthermore, RAG1 and RAG2 bind to J segments but not to V segments at both Ig and TCR loci. The authors refer to these regions of clustered RAG-RSS complexes as "recombination centers." Their inability to detect RAG proteins bound to V region RSSs led the authors to suggest that RAG1 and RAG2 first bind to J segment RSSs and then capture D or V segment RSSs, leading to recombination. Although patterns of RAG binding correlate with the onset of gene rearrangements at various J gene segments, this binding persists at J H and Jβ RSSs in pre-B and pre-T cells that have stopped rearranging their IgHC and TCRβ loci. Thus, the presence of RAG-RSS complexes at rearranging loci is not sufficient to activate DNA double-strand breakage or recombination.
The most remarkable observation reported by Schatz and coworkers, however, is that RAG2, but not RAG1, binds to The RAG1 and RAG2 proteins, coexpressed exclusively in T and B lymphocytes, exist in these cells as either individual proteins or as parts of multimeric complexes. These proteins form the recombinase that, along with a set of widely expressed DNA break repair factors, mediates V(D)J recombination. In this process, the variable domains of the antigen receptors of B and T lymphocytes are assembled from component V, D, and J gene segments during lymphocyte development. (A) RAG2 binds to a H3K4me3-modified nucleosome and RAG1 binds to a recombination signal sequence (RSS) that flanks a rearranging gene segment. The interaction of RAG2 with H3K4me3 induces an allosteric change in the active site of RAG1 (arrow), leading to DNA cleavage at the RSS-gene segment border. (B) RAG2 binds to H3K4me3-modified nucleosomes at transcribed regions throughout the genome, but RAG1 is not present at these sites so DNA cleavage does not occur. (C) RAG1 can bind on its own to RSS DNA, but does not catalyze DNA cleavage as RAG2 is absent.
innumerable sites throughout the genome in a pattern that correlates closely with the distribution of H3K4me3 modified chromatin. Thus, the overwhelming majority of RAG2 in nuclei is bound at sites other than actively rearranging antigen receptor gene segments. This extremely broad distribution of binding sites is analogous to that seen in genome-wide analyses of transcription factor binding (Orian et al., 2003) . The authors suggest that the absence of associated RAG1 implies that these are innocuous binding events rather than antecedents of inappropriate rearrangement.
Thus, interactions of RAG1 and RAG2 with RSS DNA and H3K4me3 sites in chromatin play critical roles in the regulation of V(D)J recombination. This conclusion, however, must be reconciled with the findings of two independent analyses of mutant mice engineered to lack the C-terminal domain of RAG2 that is necessary for binding to H3K4me3 (Akamatsu et al., 2003; Liang et al., 2002) . These core-RAG2 mutant mice show a partial block in B and T cell development at the V-to-DJ stage of IgHC and TCRβ gene rearrangement, but they show normal rates of Igκ and TCRα rearrangement and intact allelic exclusion. Perhaps the roles of RSSs and H3K4me3-modified histones in RAG recruitment differ at different loci depending on RSS sequence characteristics or other aspects of chromatin structure. It is also possible that H3K4me3 does not play a key role in RAG recruitment, but rather activates the cleavage activity of the recombinase. In this model, intact RAG2 would be in an autoinhibited state that could be activated by binding of H3K4me3 to its PHD domain or by the deletion of its C-terminal region. Additional important questions remain, such as how V gene segment RSSs are captured by J proximal RAG-RSS complexes. Perhaps ChIP-seq results are misleading in the V region of rearranging loci as recombinases might be bound to small subsets of the >100 V segments in each locus that differ from cell to cell and result in the apparent absence of RAG binding to the "average" V segment. It will also be critical to determine the fraction of unbound RAG1 and RAG2 in nuclei that exist in complexes with one another to understand in more detail the recruitment process. Finally, the idea of recombination centers may prove important for the mechanism of allelic exclusion and the minimization of inappropriate V(D)J recombination. Confirmation of this model by direct visualization of such centers would represent an important next step.
